We aimed to know if radon concentration is associated with municipal mortality due to brain cancer in Galicia, Spain. We designed an ecological study taking as study unit Galician municipalities. To be included, municipalities had to have at least three radon measurements. We correlated radon concentrations with municipal mortality due to these malignant tumors during the period 1999-2008. We calculated the relative risk of dying of brain cancers for each municipality and correlated this value with municipal radon concentration using Spearman's Rho. 251 municipalities were included, with close to 3,500 radon measurements and an average of 14 radon measurements at each municipality. We observed a significant correlation between residential radon with brain cancer mortality for males and females and the intensity of the correlation was higher for females. These results were reinforced when the analysis was restricted to municipalities with more than 5 radon measurements: Spearman's Rho 0.286 (p-value < 0.001) and Spearman's Rho 0.509 (p-value < 0.001) for males and females, respectively. These results suggest an association between residential radon and brain cancer mortality. More research using more robust epidemiological designs is needed to confirm these findings.
workplaces, and it can entry from the soil mainly through cracks and joints and it is also highly soluble in water. It is accepted that people living in places with high radon concentrations have a higher risk of lung cancer 9 . Since brain cancer is associated with ionizing radiation 11 , it is biologically plausible that residential radon exposure might increase its risk. Organs apart the lungs may receive low doses from radon exposure, as stated in the WHO report on indoor radon 9 . Nevertheless, very few studies have assessed the relationship between radon and brain tumors. Radiation dose received by the brain due to radon and its byproducts is much lower than that received by other organs 12 . After one year of an average exposure of 200 Bq/m 3 by inhalation, the brain would receive between 0.06 and 0.15 mSv whereas the lung in the same situation would receive between 35.8 and 159 mSv. Since 200 Bq/m 3 is approximately equivalent to 10 mSV per year (one computed tomography), the brain would receive a dose equivalent to 20 computed tomographies during 20 years. It has been proposed that macrophages might phagocyte small solid particles in the lungs from radon descendants that could reach the brain through the blood 12 . The existing literature is controversial and most studies have been performed in miners. In general adult population, a Danish study observed a statistically significant association between residential radon and brain cancers 13 but a study based on the Cancer Prevention Study-II showed no association between mean county radon levels and brain cancer mortality 14 . Galicia, the study area, has been defined previously as a radon prone region. Approximately 20% of all dwellings have radon concentrations above the Environmental Protection Agency action level (148 Bq/m 3 ) [15] [16] [17] . The high radon concentrations found in Galicia facilitate the analysis of possible associations between radon and other cancers different than lung cancer 18 because it is easier to have municipalities with high radon concentrations and correlate if these municipalities have higher or lower brain cancer mortality.
The aim of the present study is to analyze if there is a correlation between residential radon levels and brain cancer mortality at a municipal level in Galician population. A subanalysis will be performed to know if this correlation differs by sex.
Methods
Setting and study design. The study has been performed in Galicia, Northwest of Spain. Galicia limits to the North and West with the Atlantic Ocean, to the South with Portugal and to the East with mainland Spain. Around half of the population lives in rural areas, mainly in detached houses.
We designed an ecological study aimed to analyze the correlation between residential radon and risk ratios of brain cancer mortality for Galician municipalities. We established as inclusion criterion that each municipality had to have at least 3 residential radon measurements.
Radon measurements. Radon measurements were obtained from the Galician Radon Map and from controls belonging to two case-control studies performed previously 17, 19 . The Galician Radon Map has been developed by the University of Santiago de Compostela to identify those areas with the highest radon concentrations in Galicia. Participants in the Galician Radon Map were selected from the general population through a stratified random sampling weighted by the population of each municipality 16 . The sampling was designed so that at least two radon measurements were available in those municipalities less populated.
Controls from two hospital-based case-control studies were also included in the present research. This inclusion allowed us to increase the sample size in more than 600 radon measurements. Controls from one case-control study 17 were recruited from two Galician hospitals among people residing in municipalities covered by those hospitals. The second case-control study had a similar design 19 , with the difference that it recruited controls living in the catchment areas of four different Galician hospitals. We did not include lung cancer cases since radon is associated with lung cancer and radon concentration in cases could bias our radon measurements towards a higher median.
For all measurements, radon detectors were placed for a minimum of three months and a maximum of six. We used alpha-track detectors (Radosys Inc, Budapest, Hungary). Radon devices were placed by a radon technician or by participants in the main bedroom and, in some cases, in the living room of the measured dwelling. Detectors were away from doors, windows or electric devices, and at a distance to the floor between 60 and 180 cm. When the measurement period finished, the detectors were sent by the participants in a specially sealed envelope to the Galician Radon Laboratory, located at the Santiago de Compostela Clinic University Hospital. The Galician Radon Laboratory regularly takes part in quality control procedures organized by the University of Cantabria and the Nuclear Safety Council of Spain with excellent results 20, 21 . In some dwellings, we included double measurements to check the reliability of our processes. All radon measurements were adjusted taking into account seasonal variations.
Brain cancer mortality. We calculated standardized mortality ratios (SMR) for brain cancer for all Galician municipalities for a 10-year period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) using data supplied by the National Statistics Institute. We used all Spanish death entries for the period considered corresponding to brain cancer (International Classification of Diseases[ICD], 9th revision code 191, ICD-10 code C71) broken down by sex, age group (18 groups), five-year period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) and municipality. The municipal populations, also broken down by sex and age group, were drawn from the 2001 census and 2006 municipal roll. These years correspond to the midway points of the two quinquennia that comprise the study period. Person-years for each five-year period were estimated by multiplying these populations by 5.
Firstly, standardized mortality ratios (SMR) were computed as the ratio of observed versus expected deaths. Expected cases were computed taking Spanish brain cancer mortality rates as reference, broken down by sex, age and quinquenium. In a second step, smoothed municipal relative risks (RR) were calculated using the conditional autoregressive spatial model developed by Besag, York and Mollié (BYM) 22 . It is a spatial Poisson model, with observed cases as the dependent variable, expected cases as offset, and two types of random-effects terms that take the following into account: (a) the effects which vary in a structured manner in space (municipal contiguity); and, (b) a component that models the effects which vary among municipalities in an unstructured manner (municipal heterogeneity). The criterion of contiguity used was adjacency of municipal boundaries. The model takes the following form:
where: λ i is the relative risk in area i; O i is the number of deaths in area i; P o is Poisson distribution; α is the intercept; E i are the expected number of cases; h i is the municipal heterogeneity term; and b i is the spatial term. Integrated nested Laplace approximations (INLAs) 23 were used as a tool for Bayesian inference. For this purpose, we used R-INLA. Municipal relative risks (RR) have been independently estimated in both men and women.
Statistical analysis.
We performed a descriptive analysis (univariate) on residential radon measurements and also on brain cancer mortality RR broken down by municipality. For each municipality with more than 3 radon measurements we obtained the number of total measurements and the median residential radon. We obtained the mortality risk of brain cancer separately by males and females. The descriptive analysis was followed by a bivariate analysis where we used Spearman correlations to associate median municipal radon concentration with brain cancer mortality RR for males and females, respectively. We also displayed graphically the correlations comparing relative risks with residential radon levels. We also performed a sensitivity analysis including only those municipalities having more than 5 radon measurements. We considered statistical significance when p-value was lower than 0.05. The analysis was performed with IBM SPSS v20 (IBM, Armonk, NY, USA).
Results
This study has included 3,498 radon measurements in 251 Galician municipalities, an average of 14 measurements per municipality. Sixty-four municipalities were not included (18.7% of the total) because they had less than 3 radon measurements. 50.6% of the included municipalities had radon levels (geometric mean) above WHO recommendation (100 Bq/m 3 ), 25.9% had geometric means above EPA action levels (148 Bq/m 3 ) and 13.5% had geometric means above 200 Bq/m 3 . A description of radon concentrations by municipality can be observed in Table 1 .
Regarding mortality due to brain cancer during the period 1999-2008, there were 949 overall deaths among males and 758 among females in the included municipalities. The range of deaths due to brain cancer (maximum-minimum) for males was 0-99 and 0-107 for females. For males, most municipalities (136, 54.1%) had a low relative risk of death for these cancers (between 1 and 1.04). Only 23 (9.2%) of municipalities had a relative risk of death for males higher than 1.10. For females, the risk of death for these cancers was lower compared to males. Only 18 municipalities (7.1%) had a relative risk of death higher than 1.10. This information is shown in Table 1 .
Regarding the correlation between residential radon and brain cancer mortality, it was statistically significant for males and females, for females the association observed was also moderate. The Spearman's Rho was 0.164 (p-value 0.009) for males and 0.433 (p-value < 0.001) for females. When the analysis was restricted to those municipalities having at least 5 or more radon measurements the statistical significance persists and the strength of the association increases (measured through the Spearman's Rho). For males, Spearman's Rho was 0.286 (p-value < 0.001) and for females Spearman's Rho was 0.509 (p < 0.001). The scatterplot showing the correlation between residential radon and brain cancer mortality can be observed in Fig. 1A and B. For both sexes the correlation is clear. If we analyze only those municipalities with 10 or more radon measurements (84 of the 251, 26.6% of the total included), the correlation persists. For males, Spearman's Rho is 0.314 (p = 0.004) and for females Spearman's Rho is 0.642 (p-value < 0.0001). Table 2 shows the 15 municipalities with the highest residential radon concentrations in Galicia with their relative risk (and posterior probability that RR > 1) of mortality for brain cancers. It can be observed that for males, all municipalities have relative risks above one and 5 municipalities have RR above percentile 75. For females, 6 municipalities have relative risks above percentile 75 of all relative risks of the municipalities included in the analysis (n = 251), though the remaining 9 municipalities had relative risks below 1 (but very close to 1).
Discussion
There is very little information available on the possible relationship between residential radon and brain cancer. In the present study, we have observed a statistically significant correlation between residential radon exposure at a municipal level and mortality due to brain cancer for males and females. The association appears to be slightly higher for females. The correlation increases when the analysis is restricted to municipalities having 5 or more radon measurements and is clearly identifiable in the scatterplots. This is the second study performed in Europe on this topic and the first performed in a high-risk radon area.
The possible relationship between indoor radon and brain cancer in adult population has been studied in three different investigations. The study by Turner et al. had a cohort design using the cancer prevention Study II cohort 14 . The study analyzed brain tumors mortality, and radon measurements were estimated assuming the median of each county where each participant resided. In this ecological study including 2,232 cases, each county had an average of 10 radon measurements, and no effect was observed for residential radon exposure, with a Hazard Ratio of HR 0.98 per 100 Bq/m 3 (95% CI 0.83-1.15). Of note, Turner et al. used counties as the geographical units of study, which have much higher area and population than Galician municipalities. Therefore, in relative terms, the present study has a higher number of radon measurements to characterize municipalities. Furthermore, while in the Turner et al. study the average mean concentration of radon was 53.5 Bq/m 3 , in our study only 43 of the 251 studied municipalities (17.1%) had residential radon concentrations below the Turner's average. A second study was performed in Denmark by Bräuner et al., where the authors observed a statistically significant effect of 1.44 (95% CI 1.07-1.93) for each 100 Bq/m 3 of increment in residential radon concentration 13 . In this study, radon concentration was estimated in each participant residence, using a validated method. The remaining study, published in 1993 and performed in Maine (USA), analyzed the presence of radon in water and did not find any association with brain tumors 24 using an ecological design. There is more published literature in miners analyzing radon exposure and brain cancers, though the results are not consistent. Results from the French Miners' Cohort [25] [26] [27] suggested an association with radon exposure, while results from the German Miners' cohort (Wismut Mining Company) did not 28, 29 . Other miners' studies 30, 31 have not observed any association while other observed a close to significant association 32 . Only one of these studies has reached statistical significance, with observed to expected cases ratio of 2.00 (95% CI 1.09-3.35) 27 . Most of these studies had a poor adjustment for covariates and given the low frequency of brain tumors, the number of observed cases was very low in most of them, causing imprecise estimations. Furthermore, though some studies adjusted by other carcinogens that can be present in mines (such as gamma rays, arsenic or dusts), residual confounding could not be excluded.
There is biological plausibility to support an association between residential radon and brain cancer. Though the effective dose reaching the brain from radon exposure is much lower than that received by the lungs, it has been estimated that brain would receive a dose between 0.06 and 0.15 mSv after one year of an average exposure by inhalation of 200 Bq/m 3 . In the studied geographical area, 34 municipalities have a geometric mean of residential radon concentration higher than 200 Bq/m 3 . If we consider that Galician population tends to live in the same house for decades 19 , we could estimate that part of our population is receiving important amounts of radiation due to residential radon exposure and therefore could promote brain cancer. A strong relationship between residential radon and lung cancer has already been observed in our region in ever and never-smokers 17, 19 . Few studies have assessed the biological effect of radon in the brain. There is a research on how low radon concentrations could activate superoxide dismutase in rats but high levels or long exposures inactivate it 33 . Anyway, this observation does not explain a possible carcinogenic effect.
The higher correlation observed for women compared to men might be due to a more intense exposure to radon among females. Older cohorts of Galician women have been predominantly housewives and women have started working out of their homes in the last two decades. This means that older women were more exposed to residential radon than their male counterparts due to this more intense exposure at home. A higher susceptibility for women to alpha radiation cannot be disregarded either.
Our results should be interpreted taking into account some limitations. Regarding brain cancer data, since there is not a population-based cancer incidence registry in Galicia, mortality is the only available source of information. While due to its low survival (5-year relative survival is approximately 20% for malignant tumors) 34 , brain cancer mortality can be considered a good estimator of incidence data, a limitation of mortality information is that it didn't allow us to analyze brain cancer by subtype, and we cannot exclude that radon exposure may have a particular impact in some morphological types.
As regards to the methodology, an obvious limitation of this ecological study is that causal associations cannot be established. We cannot disregard that some unmeasured or unknown risk factors for brain tumors jeopardize the association observed. In any case, we do not consider that residential radon is associated with other risk factors for brain tumors, as has been observed in other studies.
Radon exposure measurement may also be a concern. In the present study, we have a limited number of radon measurements in some municipalities, but some of them have a small population (in many cases below 500 inhabitants), and 3 measurements could be considered an acceptable number to estimate indoor radon in such small areas. Altogether, we believe that the available radon measurements are adequate to characterize average residential radon, as has been done in other similar studies 14 . A further limitation is the use of SMR, which has long been criticized since it can be misused and misinterpreted, due to the intrinsic difficulty of comparison among SMRs, because the weighting of each SMR depends on the age structure of the study population 35, 36 . Though some authors have proposed special solutions 37 , the use of SMRs has become widespread due to its easy interpretability and because when viewed as a weighted average of the ratios of age-specific rates for cohort and standard population, the weights minimize the variance of weighted average 36 . In practical terms, the SMR tend to be less sensitive to numerical instabilities in one or two of the age-specific rates. Some problems of the SMR are extensive to the use of age-specific rates, since in both cases some information is lost. In our experience and with Galician data, the inclusion of the age component (with person-years as offset) in the BYM models for smoothing RRs does not alter the results substantially.
Finally, concerning statistical modelling, we used the BYM model to obtain a mortality indicator which avoids the problem of the small area analysis, allowing us to address the correlation study, though we cannot discard completely that the spatial dependence was not the same throughout the territory of Galicia. The model has to conceal SMRs with residential radon concentration at a municipal level.
There are no other relevant sources of ionizing radiation exposure apart from radon in the study setting. Radon exposure comprises approximately 50% of all lifetime exposure to ionizing radiation, followed by medical exposure (15-20%) . Given that the study area is a radon prone-area we could say that radon exposure probably accounts for more than a 50%. Since Galician population is covered by the same health provider (Galician Health Service), which is universal and free, we do not expect relevant differences in ionizing exposure coming from medical devices for the population residing in each of the included municipalities.
The present study has also some advantages. The first one is that Galicia is a radon prone area, as has been published before 15, 16 . In fact, of all the available studies on this topic, Galicia is the area which has the highest residential radon levels. This characteristic makes easier to analyze the effect of radon in brain cancer mortality. The second advantage of this work is that Galician population tends to live for a long time in the same dwelling and therefore the potential latency period for radon exposure could be fulfilled more easily when compared to other geographical settings where people has more mobility. A third advantage is that we are using real radon measurements instead of estimations of radon concentration, as has been done in other investigations 13 . This means that the characterization of radon exposure is more reliable in the present study. A last advantage is the use of BYM model, which is a suitable tool for obtaining smoothed indicators in spatial epidemiology. In our context, it has been used to obtain a mortality indicator which bypasses the problem of the "small area" analysis, allowing us to address the correlation study.
To conclude, this study suggests that a possible association between residential radon and mortality due to brain cancer might exist. This association is biologically plausible due to the role of ionizing radiation from other sources on the onset of these malignant tumors. To have a deeper knowledge of this relationship, it is important to perform well-designed case-control studies, preferably in radon prone areas to shed more light on this association. Health authorities should promote these studies and raise public awareness on the already known health risks of indoor radon exposure.
